Medical imaging using Optical Coherence Tomography (OCT) provides clinicians with 3D, high resolution reconstructions of microscopic structures, in depth. It has been initially developed for ophthalmology, in order to scan the retinas of patients to diagnose illness. The quality of the images depends upon their axial and lateral resolutions and the properties of the light being used.
INTRODUCTION
Mechanically-swept sources (SSs), utilizing a multi-faceted, rotational polygon mirror (PM), provide an alternative filtering method to Micro-Electro-Mechanical Systems (MEMS)-based SSs, that has proven applications in Optical Coherence Tomography (OCT) [1] [2] [3] [4] . Their success relies upon the filter's ability to tune fine instantaneous linewidths from a broadband spectrum in a short period of time. A number of publications have successfully demonstrated their proof of concept in a variety of creative techniques [5] [6] [7] , yet few have explored, in detail, the factors that govern their overall performance or which methods will produce the best results for OCT.
PM-based filters generating at their output light in a swept narrow band can be designed to achieve this in a variety of ways, which makes them very versatile. Although state-of-the-art swept sources (SS) are capable of producing MHz scanning frequencies 8 , they are typically limited by their operating wavelength 2 . A PM can operate at any wavelength and can achieve facet repetition rates of >100 kHz. This is low by comparison but still high enough to offer an 
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End Mirror f f f2 appreciable tuning speed for most laboratory experiments, however with techniques such as buffering, the speed can be increased further 9 .
Operation at different wavelengths can be achieved at a reduced cost because the same PM can be used and multiple SSs can even be constructed to operate simultaneously 10 . One significant drawback can be the overall physical size of the spectral filter, which is substantially determined by the size of the optics and the length of the telescope, although commercial PM-based SS do exist.
High axial resolution and high depth penetration depend upon controlling the bandwidth and linewidth respectively. If either of these is not optimised in the setup, the image quality will be reduced. Due to the wide variety of different experimental arrangements that can be constructed, often little or no consideration is given to the method that guarantees the entire bandwidth is being utilised or that the linewidths are as narrow as theoretically possible.
Examination of the components properties and of the geometry of their arrangement leads to a better understanding of their physical limitations and how they may affect the bandwidth and linewidth. Therefore, it is necessary to explore both experimentally and theoretically to achieve optimum performance. The width of the beam at the PM facet in particular has an effect on the interferometric signal detected in this coherence imaging system. A secondary consideration is to attempt to maintain a small overall footprint to ensure easier and convenient transportation and operation.
METHODS
Our spectral filter consists of the following components: collimator, transmission grating, two-lens telescope, PM, and end reflector mirror (Fig. 1) . 1300 nm broadband optical radiation is generated in a semiconductor optical amplifier, then circulated via optical fibre towards the free space filter. A collimator directs the light onto the grating, which spatially distributes the spectrum over a fixed angular displacement into the working space of Lens 1. The two-lens telescope captures and directs the collimated, narrow linewidth beams onto the facets of the PM where they are then reflected onto the end mirror.
The PM is positioned off-axis by introducing a certain eccentricity, E. This allows the converging angle at the focal plane of Lens 2 to be increased, spreading the spectrum over a larger angular displacement and therefore improving the linewidths 11 . As the PM rotates, the facet sweeps through the spectrum, reflecting the linewidths, in sequence, off the end mirror. At any instant during the sweep, only those wavelengths reflecting off the end mirror at normal incidence will make it back through the setup exactly along the same path they came and be collected by the collimator. Some of the other wavelengths will be reflected back through the telescope but they will not strike the grating at the correct angle and therefore will not be injected back into the fibre. Figure 1 . The spectral filter consisting of a fibre collimator, transmission grating, two lens telescope with focal lengths f 1 and f 2 , PM and an end reflector mirror. As the facet sweeps through the spectrum, only those wavelengths of light at normal incidence (green trace) on the end mirror will reflect exactly along the same path to be captured by the collimator and reinjected back into the fibre.
A simple investigation of the systems performance can be carried out by changing the properties of three components; the collimators' beam diameter, the focal lengths of the telescope (f 1 & f 2 ), and the grating's pitch. However, for the present investigation the grating will remain unchanged. The gratings' pitch determines the maximum angular displacement, into the object space of Lens 1, between the marginal wavelengths at the edges of the spectrum. A higher line density will spread the spectrum over a larger angular range, which is preferable in order to maximize the converging angle from Lens 2 and achieve finer tuning; however this ultimately depends upon the focal lengths of the telescope. The diffraction angles for each wavelength are calculated using the grating equation:
where " is the diffracted angle of a specific wavelength measured from the normal, G is the grating pitch (lines/mm), m is the diffraction order (m = 1), " is the wavelength, and is the incident grazing angle ( = 48°). For light with wavelengths between 1280 nm and 1390 nm (a 110 nm bandwidth), an 1145 lines/mm pitch spreads the spectrum over an angular displacement of 11.78° in the object space of Lens 1. This numerical aperture (NA 1 ) is found using the angle 456 − 47" given by Eq. (1) and is maintained constant throughout the experiment. The collimator produces a beam with an initial width W 0 . The beam's width changes when it interacts with the grating, producing W 1 , which is a function of the wavelength and is a consequence of the geometry of the alignment. In our arrangement, we find that a longer wavelength beam becomes narrower, while a shorter wavelength beam will become wider. The beam width will change again if the focal lengths f 1 and f 2 in the telescope are different. The final beam width W 2 on the facet will be a function of all of these parameters. Multiple telescope designs, using a different collimator and different lenses, were considered for experimental comparison. The resulting theoretical values for W 2 varied between the different designs. However, some designs resulted in W 2 values that were identical or very close (to within 2%). This makes it possible to compare two different collimators with different initial beam widths, while maintaining the same spot size on the facets of the PM. The key difference has been the focal lengths of the telescope, which has a direct impact on the overall footprint size of the setup.
A number of constraints need to be considered when selecting the lens combinations for each collimator. The size of a single facet is fixed and will restrict the maximum value of the beam width that can be effectively used on it. Any beam width larger than the size of a facet leads to losses, since this would introduce vignetting 13 , and therefore should not be used. Also, the widest beam originating from the grating should be considered when calculating the final beam width on the facets. This occurs for the shortest wavelength ( 47" = 1280 ) as described above (Fig. 2) . The beam width ( exiting the grating is given by: 
This provides the first approximation of the incident beam width @ on the PM facets as a function of the shortest wavelength. To achieve a more accurate value, one should consider the effect of the marginal rays passing through the lenses at angles less than normal incidence and therefore undergoing refraction. The geometry of this arrangement will contribute to a change in beam width, which will be a function of the focal lengths of the lenses, however since the angles are very small their effect can be considered negligible by comparison.
The width of a single facet a on the PM is given by 2 sin , where R is the radius of the PM and n is the number of facets. We use a Lincoln Laser SA34 with 72 facets and a radius of 31.75 mm. This gives a facet width of 2.77 mm. However, the added PM eccentricity, E, affects the visible facet width as seen by the incident beams. Consider the central wavelength propagating along the optical axis. The facet will have rotated clockwise away from normal incidence and the visible facet width l v will have reduced to the value sin , where = cos '( . Our PM has an eccentricity of approximately 10 mm, reducing the visible facet width to 2.63 mm. Any beam widths calculated for W 2 that are larger than this value can be considered too large and have therefore been discarded.
RESULTS AND DISCUSSION
Two collimators were selected for comparison; Thorlabs F240APC-C (∅ = 1.5 mm) and F280APC-C (∅ = 3.4 mm). A range of 1 inch diameter lenses with six different focal lengths (35 mm, 40 mm, 60 mm, 75 mm, 100 mm & 150 mm) were chosen and the beam widths at the facet for all the combinations were calculated, taking into consideration all the constraints discussed above. Out of 72 possible lens combinations (36 for each collimator) only 37 had beam widths smaller than the size of a visible facet (24 combinations for the first collimator (1.5 mm) and 13 for the second collimator (3.4 mm)). However, out of those 37, only 7 had beam widths for both collimators that were approximately the same size. The pairing selection process allowed for up to ±30 µμm differences between the two beam widths (~2% for the 1.5 mm beam width).
One of the secondary goals of this project is to minimise the overall footprint size of the setup, hence we excluded lens pairs that exceeded a particular total length. For example, two 150 mm focal length lenses would result in a total telescope length of 600 mm. By adding to this the approximate dimensions of the other components (PM, collimator and grating plus their mountings) the whole setup would be at least 800 mm in overall length, which is undesirable when considering, for instance, storage or transportation. The overall telescope length was therefore restricted to a maximum of 350 mm, which reduced the 7 pairs down to just 3. Table 1 shows the three possible lens combinations for the two collimators and the final beam widths they produce. Only the first pair in this table (top row) has been compared experimentally and reported in this paper; however we can draw the early conclusion that, despite many possible combinations existing for just six different focal lengths, only a small selection of these combinations will be suitable for our PM. Clearly care must be taken when choosing the focal lengths to avoid vignetting and therefore losing power.
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Two cage assemblies were built to accommodate the telescopes for each of the lens combinations. The spectral filter in each case was carefully adjusted to provide optimum performance. This was achieved by inserting the output fibre of the spectral filter into a spectrum analyser and adjusting the various degrees of motion until the power output and bandwidth had been maximised, ensuring the correct central wavelength was selected.
Once the alignment was optimised, the spectral filter was connected to a fibre based interferometer array with free space, fibre-to-fibre reference arm and an object arm consisting of a collimator and a retroreflector mirror. A balanced detector and an oscilloscope were used to measure the intensity of the interference signal as the optical path difference (OPD) was changed by 50 µμm increments, 3 mm either side of zero OPD, over a total range of 6 mm. A fast Fourier transform of the signal was taken on the oscilloscope to measure the interference signal intensity and the frequency of the fringe spacing. The results indicate that a stronger signal is received by the detector for the setup using the 3.4 mm collimator, whereby less of the signal is lost over a 3 mm displacement. There is an average drop-off of approximately 2.67 dB/mm for the 1.5 mm collimator and 1.67 dB/mm for the 3.4 mm collimator. The larger beam width and shorter focal lengths have resulted in an average power improvement of 32.5%.
The shorter focal lengths have also reduced the effect of aberration by forcing the beams to propagate closer to the centre of the lenses (paraxial propagation). In the first arrangement, using f 1 = 75 mm, the spectrum was distributed over a larger surface area on Lens 1. Whereas in the second arrangement, using f 1 = 60 mm, the distance to Lens 1 is shorter, meaning that the spectrum is not given the opportunity to diverge as much as the first. The shorter distance from the grating to Lens 1 projects the spectrum over a smaller surface area of Lens 1 and therefore the marginal rays refract less and experience less aberration.
A shorter focal length illuminates a smaller area on the surface of Lens 1, which translates through to Lens 2. This directly impacts the converging angle on the PM depending on the focal lengths being used. If a shorter focal length is used on Lens 1, a shorter focal length on Lens 2 can also be used, which will reduce the overall length of the telescope and therefore the overall footprint of the spectral filter, although this could be detrimental to the total accepted bandwidth if care is not taken to ensure that the converging angle is equal-to-or-less-than the acceptance angle of the PM.
The approximate angular displacement of the converging angle for each setup can be calculated using the ratio of their numerical apertures and the focal lengths of the telescope, NA @ = NA ( @ ( . Since we already know NA 1 = 11.78°, the 1.5 mm collimator, using the longer focal length @ = 100 mm, results in a converging angle of 8.84° while the 3.4 mm collimator, using the shorter focal length @ = 35 mm, results in a converging angle of 20.19°, which is more than double the acceptance angle of the PM (10°). Therefore, finer linewidths have been produced for the 3.4 mm collimator at the cost of filtering a much narrower central portion of the total bandwidth whereby the marginal wavelengths from the edges of the converging spectrum have been left unfiltered. Approximately 50% of the total input bandwidth has been lost due to the increased size of the converging angle. This restricts the minimum and maximum tuned wavelengths to approximately 1303 nm and 1359 nm respectively.
CONCLUSIONS
This study has highlighted the impact of selecting the correct lenses to use in a free space PM-based spectral filter for SS-OCT. The bandwidth reduction experienced when chosen incorrectly has a greater impact on the performance than any other parameter, whereby 50% of the input spectrum may be lost due to incorrectly matching the converging angle of the telescope to the acceptance angle of the PM.
The second collimator with the 3.4 mm beam width was successful at improving the output signal strength and suffered from less aberrations but at the cost of reducing the successfully tuned portion of the spectrum. This was caused by the focal length of Lens 2, which increased the converging angle to over two times the acceptance angle of the PM. However, this did have the positive effect of reducing the instantaneous linewidths. For SS-OCT imaging, this would improve the penetration depth but decrease the resolution, whereas in general the inverse is considered more preferable.
A reduced effect from aberration is highly desirable in this type of setup since it ensures that higher power transmission is achieved and that only the smallest linewidths are recaptured by the collimator. Stray wavelengths from neighbouring portions of the spectrum may re-enter the fibre if the effects of aberrations are large. This study prompts the question of whether larger diameter lenses may have a role to play in reducing aberrations and therefore achieve finer tuning.
Future work also includes other configurations of PM-based SSs, including telescope-less ones 12 .
